Up to 80% of injuries sustained by U.S. soldiers in Operation Enduring Freedom and Operation Iraqi Freedom were the result of blast exposure from improvised explosive devices. Some soldiers experience multiple blasts while on duty, and it has been suggested that symptoms of repetitive blast are similar to those that follow multiple non-blast concussions, such as sport-related concussion. Despite the interest in the effects of repetitive blast exposure, it remains unknown whether an initial blast renders the brain more vulnerable to subsequent exposure, resulting in a synergistic injury response. To investigate the effect of multiple primary blasts on the brain, organotypic hippocampal slice cultures were exposed to single or repetitive (two or three total) primary blasts of varying intensities. Long-term potentiation was significantly reduced following two Level 2 (92.7 kPa, 1.4 msec, 38.5 kPa$msec) blasts delivered 24 h apart without altering basal evoked response. This deficit persisted when the interval between injuries was increased to 72 h but not when the interval was extended to 144 h. The repeated blast exposure with a 24 h interval increased microglia staining and activation significantly but did not significantly increase cell death or damage axons, dendrites, or principal cell layers. Lack of overt structural damage and change in basal stimulated neuron response suggest that injury from repetitive primary blast exposure may specifically affect long-term potentiation. Our studies suggest repetitive primary blasts can exacerbate injury dependent on the injury severity and interval between exposures.
Introduction
M ore than 44,000 soldiers have sustained traumatic brain injury (TBI) between 2000 and 2014, and nearly 86% of these men and women have sustained mild traumatic brain injury (mTBI). 1 Blast injury is considered the ''signature injury'' of recent military conflicts. [2] [3] [4] As many as 80% of all injuries sustained by US soldiers in Operation Enduring Freedom and Operation Iraqi Freedom were caused by improvised explosive devices. 5, 6 Some soldiers experience multiple blast exposures while on active duty, including breachers, who regularly use explosives to penetrate perimeters such as locked buildings. 7 During training, breachers can experience as many as 100 explosive detonations over 5 days of practical training. 7 Anecdotal symptoms reported by breachers following repetitive blast have been referred to informally as ''breacher's brain'' and are similar to those of people who have suffered multiple non-blast concussions, such as sport-related concussion. 7, 8 There is some controversy in the literature as to whether or not repetitive blast exposure even results in injury, let alone progressive neurodegeneration. In vivo models suggest that repetitive blast may produce persistent neuromotor dysfunction, axonal injury, learning deficits, and increased oxidative stress. [9] [10] [11] However, in two in vitro studies using the same shock tube injury model and cell line, repetitive blast had conflicting results. In the first study, viability of human neuroblastoma cells was in fact improved and production of inflammatory cyclophilin A was decreased after repetitive blast exposure, suggesting repetitive blast improves outcome. In the second study, neuroblastoma permeability, indicating injury, was increased by repetitive blast. [12] [13] These in vivo and in vitro blast studies employed complex models of blast, loading the samples with both primary blast (shock wave loading) and tertiary blast (acceleration/ deceleration or inertial loading) mechanisms, which may have contributed to these conflicting results.
Past studies suggest multiple mTBI from impact loading of the head can cause progressive brain injury. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Both clinical and experimental studies of repetitive mTBI from inertial loading not associated with blast, such as sport-related mTBI, suggest that an initial mTBI begins a period of increased likelihood for subsequent brain injuries and heightened vulnerability to subsequent injury. 15, 20, [29] [30] [31] However, the injury biomechanics of sports concussion differ from those of primary blast. Primary blast exposure deforms brain tissue with less than 10% strain but with associated strain rates of 100 to 1000 sec -1 , whereas inertial loading deforms the brain in excess of 5% strain with associated strain rates from 5 to 50 sec -1 . 32 Despite these differences in causal biomechanics, breachers and other soldiers exposed to repetitive primary blast without concomitant rapid acceleration or impact loading of the head are reporting symptoms of progressive cognitive dysfunction, much like athletes with head injuries. 7, 8 It is still unknown whether primary blast exposure in isolation increases vulnerability of the brain to subsequent exposure, neurodegeneration, and brain dysfunction.
To more directly determine if an initial isolated primary blast predisposes the brain to greater damage from a subsequent exposure, we used an in vitro primary blast injury model developed in previous studies and exposed organotypic hippocampal slice cultures (OHSCs) to repeated primary blast exposures. Our results suggest that low-level, real-world primary blast-loading conditions may predispose the hippocampus to greater injury upon exposure to a subsequent blast. Depending on the exposure level and time interval between exposures, delivery of two primary blasts significantly and synergistically reduced long-term potentiation (LTP). This loss of LTP was accompanied by an increase in microglia activation. Current guidelines for soldier treatment may need further preclinical and clinical evaluation to consider the effects of repetitive exposure to primary blast.
Methods

Organotypic hippocampal slice cultures
All animal procedures were approved by the Columbia University Institutional Animal Care and Use Committee. OHSCs were generated as previously described. [33] [34] [35] Hippocampi were excised from P8-11 Sprague-Dawley rat pups. The hippocampus was sectioned into 400-lm thick slices and grown on porous Millipore Millicell cell culture inserts (Millipore, Billerica, MA). [33] [34] [35] Every 24-72 h, half of the culture medium was replaced with full-serum medium (50% Minimum Essential Medium, 25% Hank's Balanced Salt Solution, 25% heat inactivated horse serum, 2 lM L-glutamine, 25 mM D-glucose, and 10 mM HEPES; Sigma, St. Louis, MO). [33] [34] [35] Cultures were maintained for 11-14 days prior to experimentation.
Blast injury
Blast injury methods have been described in detail. [32] [33] [34] [35] In brief, a shock wave was generated with a 76 mm diameter aluminum shock tube with an adjustable-length driver section (25 mm and 190.5 mm lengths were used for the current study) pressurized with helium or nitrogen and a 1240-mm long driven section. [32] [33] [34] [35] This shock tube model was characterized previously and provides a range of real-world primary blast-loading conditions. [32] [33] [34] [35] The range of peak pressures used in this study was 93 to 424 kPa, the range of durations was 0.25 to 2.3 msec, and the range of impulses was 9.2 to 248 kPa$msec (Table 1) . 33, 35 Experimental pressure histories closely matched a Friedlander waveform, which represents a shock wave pressure history in the open field. 32, 35, 36 Following blast or sham exposure, the sample was immediately removed from the receiver, placed into fresh full-serum medium, and returned to the incubator. 34, 35, 37 Samples not receiving a blast at a given time-point received a sham exposure. Most samples received two blast or sham exposures and for these studies, the inter-injury duration was either 24 (Fig. 1) , 72, or 144 h. A subset of samples received three Level 9 blast or sham exposures in succession delivered within 10 min of each other.
Cell death quantification
Propidium iodide (PI) fluorescence was used to quantify cell death prior to the first exposure time-point to assess culture health and 72 h following the second exposure time-point. A subset of samples was subsequently exposed to an excitotoxic injury to serve as a positive control for cell death, with these positive control cultures imaged 24 h following the excitotoxic injury (see ''Excitotoxic injury'' below). OHSCs were stained with PI and imaged using previously published methods. 34, 35, 37 Following pre-injury imaging, cultures were immediately injured (Fig. 1 [33] [34] [35] 38, 39 Any OHSC with 5% or greater cell death in any ROI at the pre-injury time-point was excluded from the study.
Excitotoxic injury
As a positive control for cell death, a subset of OHSCs were exposed to glutamate as previously described. 33 These samples received two blasts (Level 4) 24 h apart and were subjected to an excitotoxic injury (10 mM glutamate in serum-free medium for 3 h) 72 h following the second blast exposure (i.e., immediately after measuring blast-induced cell death). After 3 h, the glutamate-containing medium was changed to fresh, full-serum medium. Cultures were imaged for resultant cell death 24 h following glutamate exposure.
Electrophysiological recordings
Electrophysiological function was recorded and quantified as previously described. 33, 34, 40, 41 Recordings were performed 3-5 days following the final blast or sham exposure. Organotypic hippocampal slice cultures were exposed to single or repetitive primary blast of varying levels (1, 2, 4, or 9). In-air parameters were evaluated from pressure-history traces collected at the end of the shock tube without the receiver in place. In-fluid parameters were collected in the fluid of the receiver adjacent to the sample. These blast injury levels were characterized and reported in a previous publication. 35 
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Stimulus-response (S-R) curves were generated as previously described, applying a constant current, bi-polar, biphasic stimulus (100 lsec positive phase followed by a 100 lsec negative phase) of varying magnitude (0-200 lA in 10 lA increments) to electrodes located in the Schaffer collaterals (SC). 33, 34 The evoked response was recorded on all electrodes simultaneously, and the peak-peak response recorded for each stimulus intensity was fit to a sigmoidal curve for each electrode based on the following equation 40 :
As described previously, R max represents the maximum amplitude of the evoked response, I 50 represents the current necessary to generate a half-maximal response, and m is proportional to the slope of the sigmoidal fit and represents the spread in the firing threshold for the population of neurons. 33, 34 For S-R recordings, these three parameters were calculated for each electrode, and an average for each parameter across electrodes in each region (DG, CA3, CA1) was calculated for each slice. Data for each ROI of all OHSCs was averaged within experimental groups.
Each slice was evaluated for changes in LTP utilizing published methods. 34 The baseline response was recorded for 30 min prior to LTP induction by stimulating the SC at the I 50 every 60 sec and recording from all electrodes simultaneously. LTP was induced by stimulating a slice with three successive trains of 100 Hz stimulation at I 50 for 1 sec with 10-sec intervals between trains. The postinduction response was recorded for 60 min, stimulating the SC at I 50 every 60 sec and recording from all electrodes simultaneously. Potentiation was calculated as the difference between the average peak-peak voltage of the last 10 min of the post-induction recording and that of the last 10 min of the baseline recording normalized to the baseline recording. For calculating potentiation, data was calculated for electrodes within the CA1 only. 34 
Histology and immunohistochemistry
A subset of samples that received zero, one, or two Level 2 blasts were fixed with neutral buffered 10% formalin (Sigma), and dehydrated in a gradient of alcohols followed by xylene before embedding in paraffin. Samples were cut into 6-lm thick sections and mounted on slides. Paraffin was removed, and sections for histology were stained with hematoxylin and eosin (H&E; Gill's Hematoxylin 3 and Eosin Y; Thermo Fisher Scientific, Waltham, MA), dehydrated with a gradient of alcohols, and mounted for routine pathological analysis (n = 4 for each group).
Separate, adjacent sections were stained with an antibody for microtubule associated protein 2 (MAP-2; anti-MAP2 AB5622, n = 3, 1:100; Millipore) to visualize dendrites, antibodies for phosphorylated neurofilament heavy (NF-H; SMI-31, n = 3, 1:500; BioLegend, San Deigo, CA) and non-phosphorylated NF-H (SMI-32, n = 3, 1:500; BioLegend), an antibody for glial fibrillary acidic protein (GFAP) to visualize activated astrocytes (anti-GFAP Ab7260, n = 4, 1:2000; Abcam, Cambridge, MA), and an antibody for IBA1 to visualize activated microglia (anti-IBA1, n = 4, 1:400; Wako Pure Chemical Industries, Richmond, VA). Paraffin was removed. Antigen retrieval was performed for samples stained for GFAP, IBA1, SMI-31, and MAP-2 by microwaving in citrate buffer (0.01 M, pH 6.0; Fisher Scientific) for 20 min and cooling to room temperature for 30 min before being washed. Antigen retrieval was performed for samples stained for SMI-32 by warming for 25 min in a low pH retrieval solution (DAKO; Carpinteria, CA) before cooling to room temperature for 20 min. GFAP, IBA1, SMI-31, and MAP-2 samples were blocked with 10% normal goat serum (Vector Laboratories, Burlingame, CA) for 25 min and then incubated overnight at 4°C with the primary antibody. SMI-32 samples were blocked with 5% horse serum for 25 min and then incubated overnight at 4°C with the primary antibody. GFAP, IBA1, SMI-31, SMI-32, and MAP-2 samples were incubated with biotinylated anti-rabbit immunoglobulin G secondary antibody (1:200 for GFAP, IBA1, and MAP-2) or with horse anti-mouse secondary antibody (1:200 for SMI-31 and SMI-32; Vector Laboratories) for 30 min at room temperature. All samples were washed, incubated with ABC reagent (A 1:50, B 1:50) for 30 min at room temperature, washed, added to 3,3¢-diaminobenzadine solution (DAKO) for 1 min (with the exception of GFAP, 30 sec), and counterstained with hematoxylin. Samples were dehydrated with a gradient of alcohols and mounted. As negative controls, additional sections received the same staining protocol without the primary antibodies.
Samples were analyzed semi-quantitatively by an individual blinded to the identity of the sections. To evaluate H&E stained sections, a 4-point rating scale of 0-3 was devised to assess (0, none; 1, rare; 2, occasional; 3, frequent) pathological findings, such as shrunken neurons, vacuolization, neuronal loss, and dark neurons. For MAP-2 immunohistochemistry, a rating scale of 0-3 corresponded to intensity and consistency of dendritic staining (0, uniform staining; 1, patchy loss of staining; 2, extensive loss of staining; 3, complete loss of staining). Samples stained with SMI-31 for phosphorylated NF-H were visually inspected for loss of axons, axonal swellings and discontinuities, and graded on a 4-point scale of 0-3 (0, uniform staining; 1, patchy loss of staining; 2, extensive loss of staining; 3, complete loss of staining). Samples stained with SMI-32 for non-phosphorylated NF-H were visually inspected for presence of non-phosphorylated and injured axons and graded on a scale of 0-3 (0, uniform staining; 1, patchy loss of staining and beading; 2, extensive loss of staining and significant beading; 3, complete loss of staining). Relative presence of microglia and macrophages was evaluated and graded on a scale 
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astrocytes; 2, moderate number of GFAP positive astrocytes; 3, large number of GFAP positive astrocytes).
Statistical analysis
Statistical significance among LTP responses for varying repetitive injuries (Fig. 2 ) was first determined with a one-way analysis of variance (ANOVA) followed by a post hoc Bonferroni analysis (SPSS v. 22; IBM, Armonk, NY). For statistical analysis of S-R parameters, a one-way ANOVA was used to determine significance among groups (sham, single, double) for a given parameter (I 50 , R max , m) followed by a post hoc Bonferroni analysis for each ROI separately (Fig. 3) . Statistical significance among cell death responses for varying repetitive injuries was determined with a one-way ANOVA followed by a post hoc Bonferroni analysis for each ROI separately (Fig. 4) . A one-way ANOVA was used to determine significance among groups (sham, single, double) for semi-quantification of H&E, SMI-31, SMI-32, MAP-2, GFAP, and IBA1 separately (Fig. 5 and Fig. 6 ), followed by a Dunnett post hoc analysis with the sham-injured group as the control condition for comparisons. Statistical analysis of the extended interval LTP data (Fig. 7) was performed with a one-way ANOVA to determine significance among groups and a Bonferroni post hoc analysis to determine significance. Significance was set for all calculations as p < 0.05.
Results
Long-term potentiation was significantly depressed following repetitive primary blast without altering basal evoked response
Potentiation was roughly 64% in the CA1 in sham-injured samples (Fig. 2) . LTP decreased non-significantly following both a single and double Level 1 primary blast with a 24-h interval between exposures. LTP was not significantly reduced following a single Level 2 primary blast exposure, whereas it was significantly reduced, compared with sham, after two exposures of Level 2 primary blast delivered 24 h apart. LTP decreased significantly following both a single and double Level 4 primary blast with a 24-h interval between exposures, compared with the sham.
There were no statistically significant changes in any S-R parameter (I 50 , R max , m) in any of the three ROI (DG, CA3, CA1) after sham, single, or repetitive Level 2 blast exposures applied with a 24 h interval between injuries (Fig. 3) .
Cell death was not increased by single or repetitive primary blast
Cell death increased minimally (< 5%) in all ROIs after sham injury (Fig. 4) . Cell death increased minimally following single and repetitive primary blast (Levels 1, 2, 4; Table 1 ) with an inter-injury interval of 24 h. Given that multiple primary blasts (Levels 1, 2, 4) did not result in significant cell death, we investigated the potential for repetitive exposure to our highest primary blast level (Level 9) 
FIG. 2. Repetitive primary blast altered long-term potentiation (LTP)
. The percent increase in potentiation of evoked response following induction of LTP was calculated for samples receiving 0 (Sham), 1 (Single), or 2 (Double) primary blasts of varying Levels (1, 2, or 4). LTP was significantly reduced for the single and double Level 4 blast groups, compared with sham. LTP was not significantly reduced for the single and repetitive Level 1 blast groups. LTP was not reduced significantly for a single Level 2 blast, but LTP was significantly reduced for two Level 2 blasts delivered 24 h apart (n ‡ 5; -standard error
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to cause cell death. Three Level 9 blasts delivered within 10 min did not increase cell death, either. However, cell death increased substantially and significantly following glutamate exposure (after blast), which served as the positive control (double level 4+ glutamate; > 37% cell death in all ROIs).
Single and repetitive primary blast did not significantly alter histology or structure of axons or dendrites Samples stained with H&E were evaluated for loss of neurons, vacuolization, and dark or shrunken neurons. No histological damage was observed in samples receiving the sham, single Level 2, or repetitive Level 2 blasts with the 24 h interval (representative images shown in Fig. 5 ). Staining with MAP-2 and SMI-31 was uniform and did not suggest a significant loss of dendrites or axons, respectively (Fig. 5D-F and 5J-L) . Staining with SMI-32 was consistent with neuronal cell bodies and dendrites in the hippocampus and did not show appreciable differences between groups, suggesting no de-phosphorylation of NF-H or axonal damage (Fig.  5G-I ).
Microglia activation was increased after Level 2 primary blast exposure; however, astroglial response was unaffected by blast exposure Samples stained with GFAP did not show any significant differences in activated astrocytes with either single or repetitive primary blast, compared with the sham (Fig. 6A-C) . The number of IBA1 positive cells (microglia and macrophages) was increased by Level 2 primary blast exposure (Fig. 6D-I ). This response was significantly higher for the double injury group, compared with the sham (Fig. 6J) .
Heightened vulnerability to subsequent primary blast persisted for at least 72 h
Increasing the interval to 72 h did not mitigate the deficit in LTP, which was still significantly depressed by both Level 2 primary blast exposures (Fig. 7A) . When the interval was increased to 144 h, potentiation was decreased but was not significantly lower than sham from the 24-h interval study or its own time-matched sham ( Fig. 7A ; sham 144 h interval). LTP was not decreased when the inter-sham interval was extended to 144 h, indicating that the extended experimental duration did not negatively impact induction of LTP. Similarly, cell death did not increase with the extended duration of the experiment. All samples appeared otherwise healthy, with less than 5% cell death in all ROIs (Fig. 7B) .
Discussion
This study is the first to report that an initial primary blast (Level 2) leads to a period of heightened vulnerability to subsequent primary blast injury. These studies suggest repetitive primary blast may exacerbate brain injury, resulting in significant microglia activation and LTP deficits; however, this LTP deficit may be overcome by increasing the interval between exposures. We report that heightened vulnerability following Level 2 primary blast may last as long as 72 h but does not exceed 144 h. Further, repetitive injury may specifically alter long-term plasticity given that there was no significant loss of cells, overt structural damage to axons or dendrites, or altered basal evoked function.
Clinical reports and in vivo experimental studies suggest that cell loss, dendritic damage, and axonopathy can be caused by blast. [42] [43] [44] [45] [46] However, given the difficulty of delivering isolated primary blast in vivo without confounding effects of rapid head motion and the 
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complexity of human exposure and medical histories, it is unclear whether to attribute these pathologies to primary blast or potentially confounding effects of rapid head motion, which is well-known to injure the brain. 36 This is the first study to show repetitive exposure to isolated primary blast can alter LTP without significant changes in axon or dendrite structure or loss of cells. In addition, basal evoked response was not changed with single nor repetitive primary blast. Previous work from our laboratory has evaluated OHSC cell death and electrophysiological functional tolerance, and we reported a single primary blast even at the highest level tested (Level 9) can reduce LTP without altering short-term synaptic plasticity, increasing cell death, or changing basal evoked response. 33, 34 Taken together, these studies suggest deficits in LTP from primary blast may be specific to long-term neuronal plasticity and not the result of overt physical damage to axons and dendrites, loss of neurons, or damage to pre-synaptic signaling.
Despite the intense interest in the mechanisms and consequences of primary blast TBI, there remains relatively little data in the literature on specific impairments to the hippocampal circuitry from primary blast. In other studies, LTP measured in acute mouse hippocampal slices was reduced by a single in vivo blast (167 kPa$msec) out to 4 weeks following exposure accompanied by astrogliosis, axonal injury, and cell loss. 42 Outside of our own work, 34 to our knowledge, this is the only evidence of LTP deficits after blast exposure, but these results are difficult to interpret further because the head was allowed to accelerate/decelerate during the blast exposure, raising the possibility that these deficits were at least in part due to brain deformation caused by head motion. 41 To this end, these LTP deficits disappeared when the head was restrained during blast exposure. 42 Inertial loading resulting in rapid head acceleration and deformation of brain is well-known to reduce potentiation in vivo and can be accompanied by cell loss and microglia activation. [47] [48] [49] [50] [51] [52] Other in vitro studies with OHSCs have reported significant reductions in LTP following barotrauma; however, cell loss was not evaluated. [53] [54] [55] [56] [57] Additionally, there is precedent for observing deficits in neural plasticity after inertial injury without significant cell loss, as reported in the current study after primary blast. One study reported reduced capacity for experience-dependent plasticity in rats following fluid percussion injury (FPI) without neuron loss, and a second study reported deficits in working memory in rats subjected to mild and moderate FPI for at least 15 days following exposure without neuron loss. 58, 59 In the current study, the biomechanical threshold for a single primary blast to reduce LTP was between Level 2 and Level 4 (Table 1) . However, this threshold is lower when considering the effects of multiple blast exposures, as exposure to Level 2 primary blast loading 24 h following the first exposure lead to significant impairment in long-term neural plasticity (Fig. 2) . Ours is the first study to report that a second primary blast (Level 2) within a certain period resulted in LTP deficits that were synergistic or more than twice that of the single exposure. Given these changes, we considered how the levels of primary blast used in this study (Table 1) , compared with real-world loading conditions. 33 Using proposed scaling relationships for blast exposure, we observe a Level 1 primary blast is comparable to exposure to a M49A6 60 mm mortar round at a 0.25 to 2 m stand-off distance, and a Level 9 primary blast is comparable to exposure to a M118 bomb at a 10 to 32 m stand-off distance. 33 For comparison, breachers may use up to 4.5 kg of composition C-4 explosive (cyclotrimethylene- Figure 4 and here, were compared to that of the extended inter-injury interval groups. On average, cell death was below 5% in all regions of interest for all blast-and sham-injured groups (n ‡ 6; -standard error of the mean; not significant).
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trinitramine) to gain entry to a reinforced concrete wall. In the freefield, 2.7 kg of C-4 at a 5 m stand-off distance produces a shock wave with a 96 kPa peak pressure and 4.6 msec duration (CON-WEP), which is a much longer duration and thus higher impulse than our Level 2 exposure (92.7 kPa, 1.4 msec, 38.5 kPa$msec). 60 For all blast levels used in this in vitro study, both the unscaled in-air parameters and these parameters scaled for rat-brain mass according to Bowen's relationships are consistent with real-world loading conditions for human's exposed to blast. 33, 61, 62 Compared with the in-air shock wave, the intracranial pressure (ICP) wave has a slower rise-time and may be otherwise modified as it transitions through media with varying properties and reflections are introduced (see Table 1 ). 32,33.35,63 In an in vivo study, exposure to a 70 kPa overpressure, 7 msec duration shock wave generated by a shock tube produced an ICP history with a rise-time 0.5 -1 msec longer than that of the shock wave input, a peak pressure of 60-145 kPa, and a 7.0-7.5 msec duration. 64 Peak pressure was modified greatly by animal mass and head orientation relative to the direction of shock wave propagation. In our experimental set-up, the pressure history recorded at the sample in the receiver closely mimicked an ICP history following primary blast exposure. 33, 35 Our in vitro results, when combined with limited human volunteer data, detailed reconstructions, and extensive computational modeling, will yield a much more informed estimate of the tolerance to primary blast exposure, which has implications for designing equipment to better protect soldiers from blast-induced brain injury.
Activation of glia is commonly observed after blast exposure, which is also a consequence of FPI or controlled cortical impact injury. 47, 65 In one in vivo study in which rats were exposed to detonation of an explosive charge within a tube (154 kPa, 1.7 msec) resulting in a complex blast exposure, microglia activation (stained with OX-42) increased in the hippocampus 2 days following exposure and returned to sham levels 7 days following exposure. 66 This same study reported an increase in GFAP staining for astrocytes in the hippocampus over the course of 21 days following blast (240 kPa, 2 msec) through the mossy fiber region and at astrocytic end-feet surrounding capillaries, 66 suggesting compromise of the blood-brain barrier (BBB). In a separate study utilizing an in vivo explosive blast model, microglia activation (stained with OX-42) increased as early as 1 day and persisted out to 28 days following blast exposure (202 dB or 240 kPa peak pressure and 2 msec duration), and increased microglia, macrophage, and lymphocyte staining (OX-18 and OX-6) was observed with evidence of subarachnoid hemorrhage between 1 and 14 days following exposure. 45 Hippocampal microglia also were activated after exposure of rodents to blast generated from an air-driven shock tube (120 kPa) accompanied by BBB breakdown. 67 An in vivo study reported microglia activation (IBA1) without increased astrogliosis (GFAP) in rats 7 days following lowlevel exposure (69 kPa, 5.5 msec), which was similar to our finding, albeit for a different level blast in vitro. 68 Together, these studies suggest that blast increases microglia activation, as we also report. However, given the complexities of in vivo blast loading, the contribution from primary versus tertiary loading mechanisms could not be separated, as was possible in our study. Additionally, opening of the BBB, which may occur in vivo and may have occurred in those studies, can independently result in gliosis. 45, 66, 67, 69 However, we observed activation of microglia by a pressure impulse in the absence of BBB opening. Characterization of microglia in OHSCs suggests that the functional characteristics of these in vitro microglia resemble those of microglia in the in vivo environment. 70, 71 Microglia reactivity in response to sustained barotrauma (15 or 30 mm Hg for 24 h) in vitro suggests mechanical stress can activate microglia inflammatory responses without exposure to blood serum constituents that accompanies BBB compromise. 72 Ours is the first study to report that repetitive isolated primary blast exposure alone can increase microglia activation. Microglia may play a part in hippocampal plasticity and synaptic pruning. 73, 74 In the mouse primary visual cortex, it was observed that increased microglia contact with synaptic elements resulted in a prolonged reduction in size or elimination of dendritic spines. 75 Loss of dendritic spines or abnormalities can negatively impact LTP. 76 Further studies are necessary to elucidate the potential influence of activated microglia on LTP deficits following trauma.
There are limitations to consider when interpreting the results of our study. Here, we have investigated the effect of repetitive primary blast exposure to OHSCs grown in vitro and subsequently exposed to injury without the surrounding brain-skull complex or the rest of the body. As previously described, our motivation was to investigate primary blast in isolation, necessitating the in vitro approach. 32, 42, 77, 78 Some soldiers may experience multiple primary blasts of varying intensity, inter-injury interval, complexity, and repetition while on active duty or in practical training. 7 Here, we have principally focused on investigating the effects of two primary blasts with simple pressure histories with a 24-h inter-injury interval for three different levels of primary blast. These levels correspond to real-world blast-loading conditions, but may not represent the most common exposures or even those that can be withstood without concomitant head motion in the real world. We chose to investigate a simplified and highly controlled set of repetitive injury paradigms given the wide range of parameters that could be modulated. We also chose to investigate a simplified subset of primary blast loading that mimics the Friedlander waveform given the unknown potential for more complex pressurehistories to cause injury. Additionally, it is unclear how in vitro electrophysiological measures relate to in vivo behavioral measures or clinically reported symptoms. 42, 79 Soldiers who experience single or repetitive primary blast loading report difficulty thinking, confusion, retrograde amnesia, amnesia, difficulty concentrating, and other concussion-like symptoms. 7, 80, 81 Although LTP is considered an in vitro correlate for learning and memory, the LTP deficits observed in our study cannot be directly related to learning and memory deficits experienced by soldiers exposed to blast.
The effects of repetitive concussions and mTBI from sport-related injury have been studied both clinically and experimentally, suggesting that an initial mTBI increases brain vulnerability to subsequent mTBI. 15, 18, 20, [28] [29] [30] [82] [83] [84] [85] [86] While this result is similar to those here, it is important to highlight that the biomechanics of sport-related TBI and primary blast loading are dissimilar, and for this reason interpreting our data in the context of sports injury would be inappropriate. 32, 36 Here, we report that the period of time during which OHSCs may experience heightened vulnerability to primary blast may be more than 72 h but fewer than 144 h in duration. Understanding the time course of blast-induced injury may be useful for future experimental studies investigating safe rest periods following blast exposure, which could ultimately inform medical guidelines for the soldier who is exposed to blast. Translating our findings to safe rest-periods for humans, however, is an area for future preclinical and clinical studies.
